1. Introduction {#sec1}
===============

Over 2,400 years ago, it had been understood that the study of complex biological phenomena and diseases in laboratory animals could provide enormous information about humans. Aristotle (384 -322 BC) **"On the Parts of Animals"** quoted *"Ought we, for instance (to give an illustration of what I mean), to begin by discussing each separate species-man, lion, ox, and the like-taking each kind in hand independently of the rest, or ought we rather to deal first with the attributes which they have in common in virtue of some common element of their nature, and proceed from this as a basis for the consideration of them separately?"*\[[@r1]\].

The model for studying basic biology (*e.g.* infectious disease, immunology, oncology, neurology, endocrinology, and behavior science) has established the point that animal models are best to study basic and applied sciences. Most of the reputed research centers/institutes are having their own full-fledged animal facilities for developing and maintaining animal models. Remaining institutes are at the verge of setting up their animal facilities for acquiring the status of high scientific research centers.

The comparative knowledge of anatomy and physiology is mandatory for developing a suitable animal model for laboratory research. Not surprisingly, a good animal model can be found throughout the animal kingdom. Even species that are genetically and/or taxonomically very distant from human can be used to investigate the basic principles of cell signaling, developmental biology and neurobiology. The more the animal model approaches the human species, the greater is the chance that its physiological and pathophysiological processes will resemble those in humans \[[@r2]\]. The level of similarity of an animal model with man is described by the term fidelity. A high fidelity animal model is very close to humans, although developing such model is a bit difficult. At the same time, it is one of the most advantageous models, which can be used as an exploratory purpose to solve the basic questions of pathophysiology. On the contrary, predictive model is highly discriminative model, mainly developed for understanding the mode of action of the drug and its effectiveness. However, it might be possible that highly discriminative model shows low fidelity, and vice versa. For example, *in-vitro* tests are highly discriminative models with low fidelity, which need to be further validated *in vivo* \[[@r3]\].

To understand the biological function in humans, numerous animal models are used, which are designated as per their usages such as, a) "exploratory models" aimed to understand the mechanism of action in biological system, it could be related to fundamental or basic research on biological system or a mechanism associated with diseased or an abnormal biological function, b) "explanatory models" aimed to understand the complex biological problem. Ideally, it should not necessarily be reliant only on animal usage but it could be a physical, bio-informatics or mathematical model system developed to unravel complex mechanisms. It is used to develop scientific hypothesis and discovery of fundamental laws; c) "predictive model" is the most important animal model and generally used for pre-clinical research or applied research. It is a unique animal model, which is aimed to assess a possible effect on human \[[@r3]\]. It is also used to discover and quantify the impact of the treatment, evaluation of therapy such as pharmacokinetic/pharmacodynamics and toxicity of the drugs \[[@r4]-[@r9]\].

2. Diabetic animal model {#sec2}
========================

Diabetes mellitus is a global health epidemic, which is affecting 415 million people worldwide. It has nearly doubled its presence since 1980, rising from 4.7% to 8.5% in adult population. American Diabetic Association has estimated the prevalence of diabetes in 30.3 million people in USA in 2015, which is anticipated to further rise up to 642 million by 2040 \[[@r10]\]. International Diabetes Federation has identified diabetes as a significant health and economic burden issue affecting 58 million people in Europe in 2017. In the last decade, prevalence of diabetes has risen expeditiously in low to middle-income countries compared to high-income countries. However, it is predicted that diabetes will rapidly increase in USA by 54%, which is more than 54.9 million diabetic cases between 2015 and 2030. Annual deaths will climb by 38% *i.e*. to 385,800 deaths that will lead to medical and societal cost of \$622 billion by 2030. WHO has also estimated that the mortality rate will double between 2005 to 2030 and claimed that it will be the seventh most leading cause of death worldwide in 2030 \[[@r11]\].

The prevalence of type-1 diabetes mellitus (T1D) is 5-10% amongst total diabetic cases identified and individuals affected by T1D may require treatment throughout life with insulin injections. Its prevalence is increasing constantly amongst children of age 14 years \[[@r12]\]. Etiology of T1D is involved in genetic and environmental factors that result in the T-cell mediated destruction, inflammatory islet infiltration (insulitis) and selective destruction of insulin producing β-cells in the islets of Langerhans \[[@r13], [@r14]\]. The causes of T1D are unknown, while the most established hypothesis supports that T1D is a genetic disease caused by an autoimmune response. Individuals are more prone to get T1D if they are having other autoimmune diseases or individuals with \'complex trait\' like mutations in several genes, which includes Insulin-Dependent Diabetes Mellitus (IDDM1) locus on chromosome 6, IDDM2 on chromosome 11, gene for glucose metabolism and modulation of insulin secretion, *e.g.* glucokinase, HLA-DQA1, HLA-DQB1, and HLA-DRB1 genes \[[@r15], [@r16]\]. About 10 loci have been found in human genome, which seems to confer susceptibility to T1D. Another hypothesis supports idea that T1D is mainly based on exogenous proteomic factors of viruses and/or bacteria, which create immune response towards self-antigens of host due to molecular mimicry or cross reactivity of effector cells or antibodies that are recognized by self-proteins of β-cells in the islets of Langerhans in the pancreas.

There are many ways to construct animal models of diabetes, *e.g.* by using anti-insulin serum, pancreatectomy, glucose infusion, beta-cytotoxic agents, and viruses; or caused by diabetogenic nutritional and hormonal factors \[[@r17]\] (Fig. **[1A](#F1){ref-type="fig"}**). Animal models reflecting human T1D are of great importance in basic as well as in pre-clinical research. It is not only helping in understanding the disease mechanism of T1D but also in evaluating new therapies (mono therapy or combinational therapy) with curative potential.

Pathophysiology of type 2 diabetes mellitus (T2D) is based mainly on reduced insulin responsiveness of tissues, which later on lead to reduced insulin secretion. These processes cause hyperglycemia with subsequent damage to multiple organs. Patients with T2D as well as with T1D are prone to develop microvascular complications such as nephropathy, retinopathy and neuropathy \[[@r18]\]. Creating an animal model reflecting human T2D is difficult, but very important for both basic and preclinical research. It will not only help in determining the complex pathophysiology of T2D but will also provide new insights for research related to therapeutic procedures \[[@r19]\]. Various approaches are involved for developing animal model for T2D, *e.g.* monogenic obese, polygenic obese, high fat diet, non-obese model and genetically induced model (Fig. **[1B](#F1){ref-type="fig"}**). Most of these models are obese, reflecting conditions in people, whose obesity is often associated with the development of T2D \[[@r17]\].

Here, we have briefly discussed the commonly used diabetic animal models such as Zucker diabetic fatty (ZDF) rats, BB rats, LEW1AR1/-IDDM rats, streptozotocin (STZ) rats, Nonobese diabetic (NOD) mouse, and Akita mice (Fig. **[1](#F1){ref-type="fig"}**) \[[@r20]-[@r23]\]. Moreover, data was further analyzed through critical analysis of published data in the last decades (2009 to 2018) on PUBMED and the importance of present diabetic animal model in diabetic research was examined.

2.1. BioBreeding Diabetes‐Prone \[BB\] Rat {#sec2.1}
------------------------------------------

BB rats are outbred Wistar rats and represent the model of spontaneous autoimmune diabetes. Rats with this characteristic were first identified on Canadian colony in 1974. Founder colony was further developed into one inbred (BBDP/W) or one outbred (BBdp) substrains \[[@r24]\]. BB rats generally develop diabetes (*i.e*. \~ 90%) just after their puberty without any gender differences between male and female (*e.g.* between 8 and 16 weeks of age). Diabetic phenotype of BB rats is very extreme and is characterized by development of hyperglycemia, hypoinsulinemia, weight loss, and ketonuria \[[@r25]\]. BB rats require immediate intervention of insulin therapy for their survival. The understanding of clinical and metabolic symptoms is confirmed by histological abnormalities in the islets of pancreas and over expression of interferon-𝛼 and Major Histocompatibility Complex (MHC) class I molecules detectable anomaly in islet cells, which occur soon after weaning followed by progressive infiltration of islets by macrophages, Natural Killer (NK) cells, dendritic cells, T cells and to a lesser extent B cells \[[@r20]\]. BB rats with insulitis have all the major immune cells such as T cells, B cells, macrophages and NK cells but they show severe reduction in CD4+ T cells and a nearly absence of CD8+ T cells. Moreover, deficiency in ART2+ T cells has also been confirmed in the rats, where ART2 is represented as a maturational T cell alloantigen that is required to identify cells of immune-regulatory properties. These anomalies can induce β-cells autoreactivity in the spontaneously diabetic BB rat under unresolved status. The identity of the primary autoantigen is also unknown. In conclusion, lymphopenic condition of BB rats is the major disadvantage of using it in T1D research, because lymphopenia is not characteristic of T1D in humans \[[@r24]\]. However, the model is frequently used for genetics research in T1D \[[@r26]\]. It is a preferred small animal model for islet transplantation tolerance induction \[[@r24]\]. In addition, BB rats have also been used in intervention studies \[[@r27], [@r28]\] and studies of diabetic neuropathy \[[@r29]\]. Pancreatic insulitis can be developed in both sexes of BB rats (*e.g.* inbred Biobreeding Diabetes- Prone/ Worceste and outbred Biobreeding Diabetes-Prone), which is rapid and followed by selective destruction of beta cells to initiate diabetic condition in between 50 and 90 days of age. The natural course of insulitis in the spontaneously diabetic BB rat was noted to be different from that of the NOD mouse. This makes BB rats quite significant in having similar morphology with human T1D and features a predominance of Th1-type lymphocytes insulitis.

2.2. LEW.1AR1/-IDDM Rat {#sec2.2}
-----------------------

LEW rats are congenic Lewis rats and represents the model of spontaneous autoimmune T1D. The Institute of Laboratory Animal Science of Hannover Medical School produces LEW rats, which are congenic with defined MHC haplotype. LEW rats generally manifests diabetes (*i.e*. \~ 20%) just immediately in puberty (between around 8--9 weeks of age) without any gender differences between male and female. With further inbreeding of LEW diabetic rats, the incidence can be increased to \~ 60% with equal incidence in both genders \[[@r30]\]. In LEW-IDDM rat, the diabetic syndrome exhibits an autosomal recessive mode of inheritance and an incomplete penetrance of the mutant phenotype of about 60% \[[@r31]\].

Diabetic phenotype of LEW rats is characterized by hyperglycemia, glycosuria, ketonuria, and polyuria, but without lymphopenic expression of normal ART2+ T cells. Apoptotic destruction of 𝛽-cells of the islets of Langerhans has been confirmed after its infiltration of B and T lymphocytes, macrophages, and NK cells and induced by pro-inflammatory cytokines that are released from islet-infiltrating immune cells \[[@r30]\]. The major advantage of using this type of animal model is its exhibition of a pre-diabetic period with islet infiltration approximately a week prior to become hyperglycemic. This unique animal model may be used for study of diagnostic possibilities such as early prediction of T1D in order to prevent disease rather than curing it or for therapeutic purposes. Furthermore, relatively short pre-diabetic period also allows for effective analysis of different stages of the immune cell infiltration \[[@r30]\]. In contrast to BB rat and NOD mouse, LEW-IDDM rat survives well after the onset of diabetes and do not exhibit other autoimmune diseases. Thus, these conditions make LEW-IDDM rat model suitable to study diabetic complications \[[@r32]\]. Additionally, most of the literature presents the importance of this model in intervention studies \[[@r33], [@r34]\] and in investigation of the mechanisms of diabetes development \[[@r35], [@r36]\]. Traditional treatment approach in T1D is to initiate monotherapy followed by combination therapy to target proinflammatory cytokines produced by different immune cells. For example, tumor necrosis factor-𝛼 (TNF-𝛼) is expressed in all immune cell types and promotes insulin resistance in T1D which is similar in the LEW.1AR1-IDDM rat. Fingolimod (FTY720) treatment can protect islet infiltration in the prediabetic and early diabetic phase in T1D animal models but not in humans \[[@r37], [@r38]\]. The clinical significance of immunomodulatory effect mentioned above can be used for developing novel drug for humans, which lacks severe adverse effects detected in LEW.1AR1-IDDM \[[@r33]\].

2.3. Nonobese Diabetic (NOD) Mouse {#sec2.3}
----------------------------------

The NOD mouse was first developed in Japan (1974) at Shionogi Research Laboratories in Osaka \[[@r39]\]. Since few decades, the NOD mouse dominates the literature and it is a preferred animal model for understanding the pathophysiological mechanisms of autoimmune diseases, *e.g.* T1D. In NOD rats, insulitis appears in 3rd or 4th week of their age and pancreatic islets are infiltrated with innate immune cells predominately CD4+ and CD8+ lymphocytes along with NK and B cells, dendritic cells (DCs), macrophages and neutrophils \[[@r40]-[@r43]\]. This process in NOD mice is identical to human. Similar immune cells are also found in human islet infiltrate \[[@r44]\]. The infiltration of innate immune cells in pancreatic islets further attracts CD4+ and CD8+ T cell subsets of adaptive immune system starting from approximately 4--6 weeks of age \[[@r20], [@r45]\]. Above mentioned activity of infiltration of innate and adaptive immune cells into pancreatic islets starts destruction of islets cell either via immune mediated response or via apoptosis, which is a requirement for development of diabetes. Moreover, insulitis leads to the destruction of β-cells, and approximately 90% of pancreatic insulin is lost in about 10--14 weeks during the onset of apparent diabetes. Obviously diabetic NOD mice quickly lose their weight and require insulin treatment that keeps the diabetic animals alive longer, for up to 30 weeks of age. This model is very close to human in terms of disease representation as it develops spontaneous disease similar to humans. This model has played a very crucial role in understanding the pathophysiology of disease, which also includes the identification of novel autoantigens and biomarkers that are similar to human and help to researchers in designing and screening of therapeutic targets \[[@r46]\]. There are more than 50 genetic loci, which are discovered in both NOD mice and humans. These are genes related to immune function and regulation as well as pancreatic β-cells function, and they play an important role in mediating the susceptibility of T1D \[[@r47]\]. Nevertheless, a single locus is responsible for most of the risks in NOD mice as well as in humans -- MHC class II \[[@r48]\]. According to the results of many studies, MHC class II proteins in NOD mice are structurally similar to those in humans, which might be responsible for conferring the resistance or susceptibility to the disease in both NOD mice and humans \[[@r49]\]. Therefore, NOD mice are believed to be an ideal clinical animal model for testing therapies related to modulation of autoimmune response. Unfortunately, clinical relevance is not very convincing, as number of drugs effective in NOD mice were shown to be ineffective in human study \[[@r50]\]. This genetic similarity might be useful in dissecting the pathophysiological mechanisms of T1D \[[@r51]\]. Also, researcher should consider Specific Pathogen-Free (SPF) conditions to maintain diabetic NOD mice because mouse is associated negatively with microbial exposure. The major issues raised by authors were the selection of time point for intervention, translation of therapies and dose testing from animal to human.

2.4. AKITA Mouse {#sec2.4}
----------------

The AKITA mouse was first developed in Akita, Japan. Model is derived from a C57BL/6NSlc mouse through spontaneous mutation in insulin 2 gene along with the prevention of proinsulin. It is possible due to overload of misfolded proteins, which leads to subsequent Endoplasmic Reticulum (ER) stress and finally results in severe T1D starting from 3 to 4 weeks of age. The clinical and metabolic symptoms are characterized by hypoinsulinemia, hyperglycemia, polydipsia and polyuria. Untreated model (*e.g.* homozygotes) rarely survives longer than 12 weeks. In transplantation studies, total depletion of β-cells mass of AKITA mouse makes it an alternative to the mouse model treated with streptozotocin \[[@r52]\]. This AKITA mouse model is also used for the study of macrovascular and neuropathic disease in T1D. In addition, it has also been commonly used to study potential alleviators of ER stress in the islets \[[@r53], [@r54]\]. *Ins2* Akita mouse can be considered as a valid animal model of diabetic sympathetic autonomic neuropathy, which closely resembles humans as well as other rodent models pathology. Higher levels of albuminuria and systematic renal pathological symptoms have been observed in *C57BL/6-Ins2+/C96Y* mice. Therefore, *C57BL/6-Ins2 Akita* model has clinical advantages for developing diabetic nephropathy over the chemically induced STZ animal model of diabetes \[[@r55]\].

2.5. Chemically Induced Diabetes {#sec2.5}
--------------------------------

Chemical ablation of β-cells in mouse/rat model can be achieved by using most potent diabetogenic chemicals such as alloxan and STZ. As per the literature, these are most commonly used chemicals for ablation of β-cells in diabetic animal model. These are cytotoxic glucose analogues, which tend to accumulate in pancreatic β-cells via glucose transporter 2 (GLUT2). Interspecies variation can be seen in the β-cells toxicity of alloxan \[[@r56]\] and STZ \[[@r57], [@r58]\], which is thought to be related from species to species in variation of expression in GLUT2 \[[@r57]\]. Higher dosage such as dose of 50 mg·kg^-1^ and above can produce irreversible diabetes in rat, however the dose of 150 mg·kg^-1^ is required to develop diabetes in other species (*e.g.* Cynomolgus monkey, pigs) and despite this, a partial correction to hyperglycemia has been seen in pigs 4 weeks after the STZ injection \[[@r22], [@r57]\]. The mechanism of action of STZ depends on the DNA alkylating activity of its methyl-nitrosourea moiety. The methyl group from STZ is transferred to the DNA molecule and causes damage along with other defined events, which leads to DNA fragmentation \[[@r59]\].

A narrow window of efficacy has been observed, while even slight increase in the dose (*i.e*. 200 mg·kg^-1^) can lead to renal and hepatic toxicity in pigs, which underline the difficulties in establishing a STZ-induced model of diabetes in larger animals. It was also observed that reducing the dose of STZ is required in higher animals with partial pancreatectomy \[[@r60], [@r61]\]. In addition, a multiple low-dose STZ model has been described in primates \[[@r62]\]. According to a number of published literature, STZ-induced diabetes mellitus may improve the recovery of cardiac function after ischemia-reperfusion \[[@r63]\] and may also decrease the incidence of arrhythmias \[[@r64]\]. The contractile function of diabetic hearts with ischemia-reperfusion can be recovered along with significantly lowered preischemic basal contractility function of diabetic hearts \[[@r63]\]. It has been found that Protein Kinase C (PKC) inhibitors restore the impaired cardiac function in diabetes before ischemia which clearly shows that diabetic hearts are much more resistant to ischemia-induced arrhythmias compared to nondiabetic controls \[[@r65]\].

2.6. Monogenic Models of Obesity {#sec2.6}
--------------------------------

In T2D research of obesity, monogenic mouse models are commonly used. These models are developed via autosomal recessive mutation in the leptin receptor \[[@r66]\]. Proper functioning of leptin signaling is essential for inducing satiety and vice versa. Lack of a functional leptin causes hyperphagia and lead to obesity. These models include the Lep**^ob/ob^** mouse (*i.e*. deficient in leptin) and Lepr**^db/db^** mouse or ZDF rat (*i.e*. deficient in the leptin receptor), which are commonly used to study T2D in laboratories. Although, the causes of obesity in humans are complex and, in most cases, not caused by a monogenic mutation, these monogenic animal models are often used to test new therapies for T2D \[[@r67]-[@r69]\], which may ultimately lead to the failure of successfully tested therapy in humans.

### 2.6.1. Lep^ob/ob^ Mouse {#sec2.6.1}

A model of severe obesity Lep**^ob/ob^** mouse is inherited through spontaneous mutation on chromosome 6 in phenotype C57BL/6 mice, which was first discovered in an outbred colony at Bar Harbor, Jackson Laboratory in 1949. However, it was not identified till 1994 that mutated protein is leptin \[[@r29]\]. The body weight of Lep**^ob/ob^** mouse starts increasing at 2 weeks of age along with hyperinsulinemia and may reach 3 times of the normal weight of wild type control. Apparent hyperglycemia is seen after 4 weeks with gradual increase in blood glucose concentrations peaking at 3--5 months, after which it starts falling as the mouse gets older \[[@r69]\]. Impaired thermogenesis is detectable at 10days with marked hyperphagia and decreased energy expenditure which exhibits increase in carcass lipid with obvious obesity by approx. 4 weeks. Other symptomatic aberrations include hyperlipidemia, unregulated temperature, lower physical activity \[[@r70]\] and infertility \[[@r71]\]. Moreover, pancreatic islet cells shirk drastically in Lep**^ob/ob^** mouse \[[@r72]\] with abnormal insulin release \[[@r73]\].

Indeed, this model is not a complete representative of human T2D due to the less severity of diabetes and lack of failure of β-cells in pancreas, which maintain insulin secretion. On the contrary, much more severe diabetes is developed with regression of islets and early mortality on C57Bl/KS \[[@r74]\]. Though leptin deficiency leads to severe obesity in humans, the incidences are extremely low. Due to advancement in recombinant technology, cloning of lep gene is possible. Surprisingly, injection of leptin into obese mice has demonstrated to reduce body weight gain, decrease food intake, increase energy expenditure and improves insulin sensitivity \[[@r75]\]. The model is severely obese with hyperinsulinemic along with insulin resistant throughout the life, these symptoms make this model useful for researches focused on agents that improves peripheral insulin sensitivity and decrease the body weight (*e.g.* insulin sensitizers, anti-obesity and other antihyperglycemic agents \[[@r21], [@r76], [@r77]\].

### 2.6.2. Lepr^db/db^ Mouse {#sec2.6.2}

The Lepr**^db/db^** mouse was developed through autosomal recessive mutation in the leptin receptor \[[@r66]\] at Jackson Laboratory \[[@r78]\]. The mutation was traced to db gene which encodes for the leptin receptors. These mice are characterized by hyperphagia and insulin oversecretion, which is responsible for developing clinical and metabolic symptoms such as obesity, hyperinsulinemia and hyperglycemia within first month of age and develop hypoinsulinaemia, hyperglycaemia later on with a peak between 3-4 months of age. Obesity can be observed after 3--4 weeks of age along with hyperinsulinemia, which becomes apparent at 2 weeks of age along with hyperglycemia at 4--8 weeks. The most commonly used background is C57BLKS/J, which develops ketosis right after a few months of age and progressive body weight loss along with comparatively short lifespan of 8-10 months \[[@r21]\]. Unlike ob/ob mice, this model exhibits different response towards exogenous administration of leptin which fails to elicit effect on food intake and body weight because there is a defect in leptin receptor \[[@r21]\]. Moreover, db/db mice has popularity amongst researchers engaged in T2D/diabetic dyslipidaemia or screening of agents related to insulin mimetic and insulin sensitizers \[[@r21], [@r76]\].

### 2.6.3. Zucker Fatty Rats and Zucker Diabetic Fatty Rats {#sec2.6.3}

The Zucker fatty rats \[[@r79]\] were first developed by the cross of Merck M-strain and Sherman rats in 1961. ZDF rats become obese and develop diabetes by 4 weeks. They are characterized by a mutated leptin receptor which induces hyperphagia \[[@r79]\]. Obese rats are having metabolic abnormalities such as hyperinsulinemia, hyperlipidemia, hypertension, along with impaired glucose tolerance \[[@r21]\]. T2D is developed in male rats due to homozygous mutation (fa/fa) of the leptin hormone receptor under high-energy rodent diet. Moreover, advanced insulin resistance and glucose intolerance are developed between 3 and 8 weeks of age. ZDF rat become highly diabetic in 8 and 10 weeks of age and glucose levels further increases to 500mg/dL in the feeding state by 10 to 11 weeks of age. Evidences have confirmed the correlation of the increased islet DNA content versus serum insulin which indicated that islet hyperplasia plays an important role in the development of hyperinsulinemia in ZDF rats \[[@r80]\].

It has been observed that obese rats are having higher triglycerides and cholesterol levels than lean rats and attributed to lipotoxicity due to excessive metabolism of fatty acid in skeletal muscle and pancreatic islets \[[@r81]-[@r83]\]. The major complications such as obesity, insulin resistance, cardiovascular disease, and diabetes are believed to be caused by "lipoapoptosis" \[[@r82], [@r83]\]. Very high levels of lipid can also be induced in obese ZDF rats by feeding them with high saturated fat along with sucrose-containing diets. The clinical outcome can cause infertility of obese males. This model also attracts the attention of reproductive scientist, who are investigating the role of prodrug of testosterone (*e.g.* testosterone propionate) \[[@r84]\]. The induction of the mutation on ZDF rats can produce inbred ZDF rats substrain with less obesity than the Zucker Fatty (ZF) rats but have more severe insulin resistance due to the increase in apoptosis levels in beta cells, which is characterized by hyperinsulinemia at eight weeks of age followed by decreased insulin levels \[[@r85]\]. However, females ZDF rats do not develop overt diabetes \[[@r21]\].

Above mentioned facts have made male leptin receptor-deficient ZDF rats (ZDF/CrlCrlj) a popular model of T2D for preclinical studies which exhibits disrupted islet architecture, B cell degranulation, and increased B cell death \[[@r20]\].

3. Ranking of Diabetic animal models based on Published Literature {#sec3}
==================================================================

Importance of animal models to comprehend diabetic research plays a significant role and therefore, while investigating the published literature we have ranked the models as per their contribution. These selected models are "BioBreeding rat", "LEW IDDM rat", "Nonobese diabetic (NOD) mouse", "STZ Rat", "LEPR mouse" and "Zucker diabetic fatty rat" and the data were obtained by using specific keyword representing the animal model on PUBMED in 6 separate searches, such as BioBreeding rat, "LEW IDDM rat", "Nonobese Diabetic (NOD) mouse", "STZ RAT", "LEPR mouse" and "Zucker diabetic fatty rat". The extracted data was used for further analysis and surprisingly, the result showed that the highest publication on PUBMED obtained from STZ rats in last 10 years, and the search showed number of published literature as 4688. On the contrary, lowest amount of publication came from LEW IDDM rats and BioBreeding rats, which was around 44 and 89, respectively. Moreover, we found higher numbers of published literature for NOD mouse and Zucker fatty rats which was 725 and 675 respectively. Based on these published papers in last 10 years on PUBMED, we have found STZ rat ranked 1^st^ amongst the animal models used for comparison (Fig. **[1C](#F1){ref-type="fig"}**).

4. Role of Animal Models in Diabetic Research {#sec4}
=============================================

To understand the role of animal models in diabetic research, we have thoroughly investigated the published literature of last decade (*w.e.f.* 1st Jan, 2009 to 31st Dec, 2018) on PUBMED MEDLINE database using specific key words such as **"DIABETES"** and **"DIABETES ANIMAL MODEL"** in 2 separate searches, respectively. Although, data acquired from these searches were based on algorithm and results were dependent on the mapping of the articles/reviews/clinical trials and its match with specific words however, many interesting facts were acknowledged during the scrutiny of published data. In our first search on PUBMED with keyword DIABETES ANIMAL MODEL 25547 published scientific literature was presented, which is approx. 12.5 times lower than the data presented by our second search with the key word DIABETES. The total number of published scientific literature is 322,148, which shows that the data published from animals is significantly lower than the actual published data on diabetes. A good fidelity diabetic animal model is an unmet demand of the future for better representation of diabetes for basic, pre-clinical or applied research (Fig. **[2A](#F2){ref-type="fig"}**).

To critically analyze the data obtained from our 1^st^ search using the keyword DIABETES ANIMAL MODEL, we had restricted our search further by selecting specific filters such as REVIEW ARTICLE or CLINICAL TRAIL in two separate steps. Results demonstrated that the number of clinical trials on diabetic animal model was pretty low, approximately 173 times lower than the total published data (*e.g.* 147 out of 25547). However, the review articles were good in number around 8.2 times lower (*e.g.* 3097 out of 25547) against the total literature obtained in the last decade (Fig. **[2B](#F2){ref-type="fig"}**).

To further understand the role of diabetes animal model in clinical research and get a clear picture of usage of diabetes animal model in scientific research, we had critically analyzed our extracted data on annual basis. In the analysis, we can clearly observe that there is a lack of predictive diabetes animal model for clinical research. Average total publications per year is around 2554 out of which only \~15 publications were related to CLINICAL TRIAL, which is a negligible number (Fig. **[2C](#F2){ref-type="fig"}**). To cross check our data obtained from DIABETES ANIMAL MODEL search for CLINICAL TRIAL, we had further examined the data obtained from our 2^nd^ search using DIABETES. We had selected the filter of CLINICAL TRAIL on data obtained from keyword (*e.g.* DIABETES). The data obtained from this selection was specific for diabetes related to clinical trials, which was further specified by selecting the filter for HUMAN or OTHER ANIMAL (Fig. **[2D](#F2){ref-type="fig"}**). Data extracted from the search was calculated on annual basis and an average along with the standard deviation was obtained. It is clearly demonstrated by our analysis that all the clinical trials published on PUBMED are based on HUMAN (*e.g.* 1830 out of 1837) and data published on clinical trial with animal model are insignificant (*e.g.* 32 out of 1837) compared to the total published data obtained from custom search in the last decade. A unique concept is required to link pre-clinical research and clinical trial by using excellent diabetic animal models. For example, a concept of MOUSE HOSPITAL has been recently introduced in cancer research, where pre-clinical and early clinical *in-vivo* studies are closely aligned and enabled *in-vivo* testing of drugs in a multitude of cancer subtypes using mouse models \[[@r86], [@r87]\].

5. Significance of Animal Models in Clinical trials {#sec5}
===================================================

In 2008, US Food and Drug Administration (FDA) had stated and issued a formal guidance document for explicit assessment of cardiovascular safety as a part of the development of all new drugs for type 2 diabetes regardless of their mechanism of action or preclinical and clinical evidence \[[@r88], [@r89]\]. Similarly, European Medicines Agency (EMA) had stated that rigorous assessment of Cardiovascular safety is the requirement for new therapies of diabetes through Cardiovascular Outcome Trials (CVOTs) \[[@r90], [@r91]\]. Above mentioned statements from FDA and EMA for all new diabetic medications for glycemic management in T2D demand large-scale CVOTs, which are accompanied by high financial costs \[[@r90]\]. In 2012, the Manhattan Institute for Policy Research has shown that 93% of the total cost for developing new drug has been devoted to Phase 3 clinical trial, which is a crucial and expensive step required for licensing of new drugs for diabetes \[[@r91]\]. Therefore, a negative result in such a trial can discourage the overall process of research and development. To understand the basis of the disease and to increase the chance of success in clinical trials, it is therefore advisable to bridge the gap between pre-clinical research and clinical trials by using an equivalent and validated animal model closer to human disease in pre-clinical research. Universal system should be developed for evaluation and comparison disease models for screening and proof-of-principle study. In 2006, Sams-Dodd had described a validity scoring system based on five criteria: (1) Species: The pathophysiology of the disease of any species is more likely similar to humans model if animal species is closest to human in evolutionary terms and vice a versa. (2) Complexity: Complexities of the experimental system (e.g in-vitro \< ex-vivo\< in-vivo) used for research, increase the probability of relevant and potential results. For instance, testing a compound on conductance of a cardiac ion-channel in an *ex vivo* test system is far better than an *in-vitro* ion-channel test. However, the effect of compound tested by an *in vivo* test system can evaluate the effect on contractility of cardiac muscles. (3) Disease simulation: Animal models use different approaches (*e.g.* spontaneous, chemical induction, virally and genetically) to induce the disease of interest. The simplest animal models do not even attempt to induce a disease but simply look at a measure in healthy individuals, *e.g.* the use of memory to predict cognitive enhancing effects of drug candidates to treat Alzheimer\'s disease. More complex is the use of drugs such as phencyclidine or amphetamine to induce symptoms of psychotic disease. Although, for number of disorders etiology has not been fully elucidated to truly simulate the disease except infectious diseases, which can be easily replicated, *e.g.* neonatal lamb model for respiratory syncytial virus (RSV) infection \[[@r92]\]. (4) Predictivity: The effect of drug can be estimated as in a quantal or a graded response in an experimental model. In quantal response, it is estimated, whether the drug is active or not and, additionally, activities of drugs with higher and lower doses are judged. This type of model is used to compare different drugs for equivalence, non-inferior or superior efficacy to the existing standard of care. (5) Face validity: This criterion is used to validate the disease under International Classification of Diseases. It also evaluate, whether symptom or a set of symptoms of a disease is modeled by scoring system \[[@r93]\].

Ideally, every drug entering into human clinical trials should have "worked" during its pre-clinical stages in an animal. Efficacy and safety data is a requirement prior to human clinical trial \[[@r94]\]. Animal models of disease correspond to human disease only to a certain degree and therefore it would be a big mistake to assume that animal models are always able to predict the effect of any drug being tested in clinical trials on humans. For example, a huge inconsistency has been observed during drug candidate trails on diabetic animal model versus diabetic human, and repeated failure of drugs has created misperceptions of diabetic treatments either in the efficacy or hazardous side effects of the drugs such as C-peptide replacement therapy in T1D \[[@r95]\], immunotherapy \[[@r46]\], rosiglitazone with an elevated risk of heart failure \[[@r96]-[@r98]\], which consequently were withdrawn from the European market in 2010 \[[@r99]\]. Similar scenario had been observed with other classes of drugs in different diseases. For example, more than 200 effective interventions were reported in the APP mouse model of Alzheimer's but none of the interventions had proven to be effective in human trials and attrition rate for Alzheimer's drugs (from 2002 to 2012) was 96.4%. Approximately 2 out of 500 compounds proven in animal model had reported to be powerful in reducing the effects of acute ischemic stroke in humans \[[@r100], [@r101]\].

Many authors have argued that animal models are different in physiology, anatomy, and psychology in comparison to human \[[@r102]-[@r105]\]. Moreover, drug responses in experimental disease models are more complex and varied, not only in species but also in individuals, which result into the 'problem of predicting human responses during clinical trials,' and lead to the failure of animal studies. Therefore, focus should be done on developing an appropriate human-like conditions in animal models or *in-vitro* models such as humanized animal model \[[@r106]-[@r108]\], organ-on-chip \[[@r109]-[@r123]\] and human-on-chip models to accurately mimic human disease so that efficacy of the drug candidates can be tested \[[@r109]\]. Recent development in the field of genetic engineering has helped in establishing GEMMs in preclinical trial for use of drug efficacy studies as predictors of human responses \[[@r87]\], wherein patients are expected to accelerate the development of novel therapeutic strategies and their translation into the clinic by using advanced GEMMs \[[@r124]\].

Consequently, initial screening and assessment of drugs should be more stringent at pre-clinical stages, which can only be possible by using more than one animal model representing the human disease. This would further improve the chance of overall success rate of drug in clinical trials. Animal model plays a crucial role in the success of any drug in clinical trial and use of inequivalent animal model in pre-clinical assessment determines the percentage success achieved by drug during clinical trial. Thus, it is most important to ensure that the chosen animal model for drug discovery is able to answer the specific question and shows equivalency with human disease to full-fil the purpose of pre-clinical stages as well as bridge the gap of pre-clinical research and clinical trial. In order to understand the false positive results in animal models, if drug fails in actual clinical trials, one can trace back and further improve and validate the animal model for quick and efficient drug discovery process \[[@r125]\].

6. The perils and promises of 21^st^ century technology {#sec6}
=======================================================

There are numerous human-specific drugs, which do not work on other species because of species-specific differences between immune systems of animal models (*e.g.* mouse/rat, monkey and human *etc*.). Recent advancement in the field of transplantation has revolutionized the development of animal models with human resemblance (*i.e*. humanized mice) \[[@r106], [@r126], [@r127]\]. Humanized mice are immunodeficient mice engrafted with functional human immune systems, which have the capability of representing human immune responses in small animal body. In early 2000s, when mutations in the IL2 receptor gamma chain was confirmed in immunodeficient mice, researchers had successfully engrafted the human hematopoietic stem cells in murine recipients that created a functionally active human immune systems in mice model \[[@r127]\]. These mice can also be engrafted with a variety of human tissues such as islets, liver, skin, and most solid and hematologic cancers, to create unique animal model for preclinical research. Humanized mice represent an important class of animal model of 21^st^ century, which can be used as pre-clinical model to evaluate newly developed drugs to analyze the effect on human beings without putting patients at risk. The significance of Humanized Animal model (HAm) in research is establishing day by day and recently, it has been observed that, HAm has been successfully used to study the effect of drugs in diseases such as human infectious disease, cancer, regenerative medicine, graft-versus-host disease, allergies, and immunity. Subsequently, a good amount of research has been conducted using HAm model to study diabetes, where it was challenging to develop a predictive animal model for preclinical research for T1D and T2D \[[@r106]\].

The basic challenge for developing a new assay for diagnostic biomarkers in diabetes is to create a set up for screening pre-diabetes in both T1D and T2D. For example, T-lymphocyte assay for T1D is not only recognizing the prediabetes but is also helping in designing antigen-specific therapies to patients for prevention of disease rather than cure. A unique preclinical mouse model'YES mice' was created by crossing mouse strain that lacks murine MHC (class-I and class-II) genes and insulin genes. Transgenic 'YES mice' expresses human HLA-A\*02:01, HLA-DQ8 and insulin genes as transgenes and it has been observed that metabolic and immune phenotype of 'YES mice' is basically identical to that of the parental strains. These mice remain insulitis-free and diabetes-free up to one year of follow up and maintain normoglycemia to an intraperitoneal glucose challenge in the long-term range. This unique model has been designed to evaluate adaptive immune responses to human insulin on a genetic background that recapitulate human high susceptibility HLA-DQ8 genetic background. YES mice are insulitis-free even though T1D can be induced by using polyinosinic-polycytidylic acid and can be used for characterization of preproinsulin epitopes of CD8^+^ and CD4^+^ T-lymphocytes after immunization with human preproinsulin \[[@r126]\].

The patient models of disease using tumor grafts of human on mice has revolutionized the field of oncology \[[@r128]\] and led to precision medicine approach for personalized treatments. Moreover, precise diagnostic tests will further help in identifying the appropriate patient cohort for clinical trials and subsequent therapeutic implementation \[[@r128], [@r129]\]. Preclinical models are extensively used to predict the efficacy of newly developed drugs and to minimize the cost of clinical trial if dealing with innovative molecules. Eventually, similar approach should be expected in the field of endocrinology, where different types of specific HAm should be created for implementation of truly personalized medicine in the clinic that will help in prevention of diabetes in its very early stages rather than cure at advanced stages.

From bench-to-bedside transition will expedite the process and create a long term robust strategy that would be economically feasible and clinically effective to manage diabetes. The comparison of real-time integration of the murine and human data would further enhance our reliability on animal models.

The concept of "Mouse Avatar" \[[@r130]-[@r132]\] and co-clinical trial is developed by combining several molecular profiling techniques, which have shown the potential to revolutionize the field of drug discovery and its development. There has been much profound technological advancement in the field of preclinical research and development. One of the significant advancements in technological part is focused on organ-on-a-chip \[[@r122]\]. This model was developed as explanatory and/or predictive model for evaluating the efficacy of the new drugs with their side effects including their mode of action. Once established, this concept will revolutionize the field of clinical research. Now, it is reasonable to think beyond and reflect upon the future of science after assimilating the concept of microHuman (μHu) \[[@r120], [@r121], [@r133]\] or body-on-a-chip technology, which seemed to be an impossible concept for human being in past few decades. The organs-on-a-chip is a concept developed by cross disciplinary approach, where scientists of different background (*e.g.* microfluidic engineering, system biology, immunology and computer science *etc*.) worked jointly to solve the heterogeneity of the disease in different animal models and fill the gap between monolayer cell cultures, animal models, and humans that severely limit the speed and efficiency of drug development \[[@r115]\]. The concept was developed by organizing populations of specific human cell type to generate functioning of artificial livers, kidneys, hearts, and lungs on chips. In future, these systems will not only be interconnected to simulate the specific organs type *in vitro* on chip but will also be considered for the integration of stem cell \[[@r123]\] technology to create interconnected patient-specific organs. The digital transformation of the healthcare and life sciences sector is not restricted to conventional methods or software apps and potential uses of blockchain technology; rather, it covers multi-dimensional approach to innovate entire product for commercialization. There are some inventions of last two decades which had changed the perception of healthcare industry such as patents on bioprinting, organ on chip and sensing medical devices \[[@r134]-[@r137]\]. This solution would precisely address the challenging pharmacological and physiological problems of genetically variable animal models used for preclinical research. Moreover, the challenges of 21^st^ century "How does one model test, learn, communicate and control the biological systems with individual organs-on-chips that are one-thousandth or one-millionth of the size of adult organs, or even smaller, *i.e*., organs for a milliHuman (mHu) or μHu?" \[[@r138]\]. Can it be possible to incorporate present animal models with organ on chip and μHu? Whether this can be a solution, is a matter of concern and discussion.

CONCLUSION
==========

In this review, six most popular diabetic animal models of T1D and T2D were evaluated. As per data analysis, we observed that number of published literature on STZ rat was the highest among all the animal models selected. Evaluation of the significance of animal models in diabetic research and clinical trials as per published literature in last decade showed need of some improvement in diabetic animal model for smooth transition from pre-clinical research to clinical trial. Recently, there is breakthrough in the field of pre-clinical research, transplantation, and genetic engineering including popular concepts of 21^st^ century which has revolutionized the clinical research field such as humanized mice, YES mice, Mouse Avatar, microHuman or milliHuman and organ-on-chip. Current technological possibilities suggest that the future of modeling various pathophysiological states in research could lie in the creating a highly predictive animal model using patient's specific organs either on chip or sensing device.
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![**Diabetic Animal Model and their contribution in research field.** (**A**) Diagrammatic representation of various approaches involved for developing T1D animal model. (**B**) Diagrammatic representation of various approaches involved for developing T2D animal model. (**C**) Comparison of diabetic animal models based on scientific research published on PUBMED in the last decade (1st Jan, 2009 to 31st Dec, 2018). (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](EMIDDT-20-25_F1){#F1}

![**Understading the Importance of Diabetes Animal Model through Published Literature on PUBMED in last decade (1st Jan, 2009 to 31st Dec, 2018).** (**A**) Comparison of data published with keyword DIABETES versus DIABETES ANIMAL MODEL on PUBMED. (**B**) Comparison of data published with keyword DIABETES ANIMAL MODEL on PUBMED for Review versus Clinical Trails. (**C**) Understanding the role of DIABETES ANIMAL MODEL in Clinical research per year. (**D**) Comparison of data published with keyword DIABETES for Clinical Trials on PUBMED and understanding the role of ANIMAL MODEL in Clinical research per year. (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](EMIDDT-20-25_F2){#F2}
